Abstract: TNAs (Titanium dioxide nanotube arrays) were synthesized by electrochemical anodization and these TNAs were annealed in different gas atmosphere such as argon, air, hydrogen and nitrogen. This annealing in different atmosphere brought variation in crystallite size (27 ~ 33 nm), which influences on electrochemical properties. The specific capacity of Ar, Air, N 2 and H 2 -annealed TNAs was around ~165, 185, 177 and 190 mAh g -1 , respectively. The crystallite size of anatase TNAs seemed to be responsible for the change in lithium storage capacity, indicating that structural changes of TNAs were playing major role in electrochemical properties.
Introduction


The development of high energy and power density LIBs (lithium-ion batteries) is very important due to the increasing demand of the energy conversion and storage devices for digital appliances and other portable electronic products. Electrode materials play a key role in electrochemical lithium storage of LIBs, which essentially affect battery performance such as the voltage, charge/discharge capacity, rate ability, and cycle stability. As for the anode materials, the traditional commercial graphite anode material has not only almost reached their theoretical capacity (372 mAh g -1 ) [1] , but also suffered from issues such as irreversible capacity loss, and high reactivity with electrolyte solution that creates safety issue [2] . Therefore, developing novel anodes with higher capacity and superior stability has become an urgent task. Nanomaterials of metal oxides, such as Co 3 O 4 [3, 4] , SnO 2 [5] , FeO x [6] , V 2 O 5 [7] and NiO [3] have been intensively studied as anode materials for LIBs aimed at achieving higher specific capacities than graphite. For instance, nanocrystals of Co 3 O 4 have been synthesized for LIBs anodes with specific capacities ~2 times that of graphite, affording LIBs with higher energy density [3, 8] . In these oxide materials, titanium dioxide (TiO 2 ) have comparable equitant graphitic specific capacity 335 mAh g -1 but several advantageous properties, such as higher working voltage window, low volume expansion (3%) to ensure long cycling life, low toxicity, environmental benignity, widespread availability. The excellent safety operation and high power density can be expected from TiO 2 anodes and considered an attractive anode candidate for LIBs [9, 10] .
Amongst the various nano-structures of TiO 2 employed for LIBs application [11] [12] [13] [14] [15] [16] , titanium dioxide nanotube arrays (TNAs) [17, 18] 
Experimental Details
Synthesis of Titanium Dioxide Nanotube Arrays
The TNAs were fabricated by anodization of titanium foil. The preparation of TNAs was explained in our previous work [33, 34] . After preparing TNAs, voltage is increased swiftly to 110 V for five minutes to peel out nanotubes for further use in lithium-ion half-cell. The TNAs peeled out automatically or a little mechanical stress is required after drying at room temperature. The peeled out nanotubes are dried overnight at 105 °C and annealed at 450 °C for 2 h in different atmosphere, including oxygen rich air, inert gas Ar and reductive gases of N 2 and H 2 (Ar 95% + H 2 5% mixture). After the annealing treatment, the TNAs transform from amorphous to anatase.
Characterization
The surface and cross-sectional morphologies of the TNAs were characterized using Field Emission Scanning Electron Microscopy (FE-SEM LEO 1530). The average nanotube dimensions were also determined by using SEM. The phase purity of TNAs annealed in different atmosphere was characterized by using X-ray powder diffraction (XRD). The Cu Kα radiation with wavelength λ = 0.154 nm were used for XRD analysis.
Electrochemical Characterization
The lithium storage performances of TNAs were evaluated using Li|TNAs half-cells. The cells were 2032 coin cell and assembled in argon filled glove box. 
Results and Discussion
The morphology and surface analysis of the TNAs annealed in different atmosphere were observed by using SEM (Figs. 1a-1d) . The open ends of TNAs could be observed from the top view of SEM images. The cross-sectional view showed columnar-stacked TNAs which was an identification of tube like morphology. The inner diameter of these TNAs was about 40 to 60 nm. The nanotubes of TiO 2 were grown vertically from bottom to top with the length of 10 to 15 µm. The TNAs annealed in different atmosphere have no specific change in morphology with respect to each other which is consistent with previous reported literature [20, 35] . It showed that annealing atmosphere did not affect the shape and size of TNAs under different atmosphere (Fig. 1) .
The as-prepared TNAs did not show peaks in its XRD pattern, indicating that it was amorphous (Fig. 2) . The XRD pattern of annealed TNAs in Ar, Air, N 2 and H 2 can be indexed to anatase TiO 2 (JCPDS 21-1272). The amorphous as-prepared TNAs transformed into a polycrystalline tetragonal anatase structure, regardless of annealing atmospheres annealed at 450 °C for 2 h [33] . The rutile phase was not observed in these TNAs, suggested the presence of anatase phase alone. Though TNAs annealed in different atmosphere were anatase, but they showed different shifts in peak position, which can be observed by comparison of (200) diffraction peaks (inset of Fig. 2) . Generally, the shift in the peak position represents the change in degree of disorder in the material. The peak shift here might be attributed to change in crystal parameters or crystallite size, which is caused by distortion of lattice parameters by annealing in different atmosphere. So, the structural defects such as change in crystallite size and grain boundaries, oxygen vacancies, Ti +4 /Ti +3 ratio introduced by annealing TNAs in different atmosphere were obviously different [36] .
The electrochemical insertion and extraction of Li was completed by the accumulation of electrons in TiO 2 electrodes in contact with Li + containing electrolytes according to following reaction [37, 38] :
(1) As the anatase TiO 2 have a series of octahedral and tetrahedral vacant sites which accommodate lithium up take of 0.5 Li per formula unit, corresponding to a theoretical capacity of 168 mAh g -1 [39] . The lithium insertion into anatase TiO 2 is two phase mechanism in Li-poor tetragonal and Li-rich orthorhombic phase (structural distortion phase) [37] . The TNAs annealed in different atmospheres showed potential plateau around 1.75 V during the discharge and 1.95 V during the charge, though the value changed with annealing atmosphere (Fig. 2a) . The two potential plateaus can be observed in discharge curve is attributed to Li + insertion/extraction from interstitial and octahedral sites of TNAs. The discharge capacity of the 2nd cycle at the 0.1 C-rate for Ar, Air, N 2 and H 2 -annealed samples was around 165, 185, 177 and 190 mAh g -1 ,
respectively (Fig. 3a) . So the specific capacity for TNAs annealed in all samples is different and can be tuned by annealing in different atmosphere due to inducing structural changes. The TNAs annealed in different atmosphere showed different cycle stability (Fig. 3b) . Annealing in different atmosphere results in different capacity fading. For example, Ar, Air and N 2 /H 2 -annealed samples have capacity fading rate 1.126%, 0.5786%, 1.3% and 1.9%, respectively. Moreover, the capacity retention of 66%, 82%, 61% and 41% was obtained after 30 cycles for Ar, Air, N 2 and H 2 -annealed samples, respectively. The TNAs annealed in oxidic atmosphere showed higher capacity retention than that of annealed in reductive atmosphere because of better crystallinity in oxygen annealed TNAs as compared to reductive atmosphere annealed TNAs.
The rate performance of TNAs annealed in different atmosphere was investigated at the C rate of C/4, C/2, C, 5C/4, 5C and C/4 (Fig. 3 c) . The rate performance was better for TNAs annealed in Air and N 2 for most of C rates except for 5C. The rate performance for H 2 -annealed sample was the lowest for all C rates except at 5C and rate performance for Ar-annealed among H 2 and N 2 -annealed sample.
Although, H 2 -annealed sample presents higher specific capacity as compared to Air-annealed sample, its cyclic and rate performance were worse. Similarly, the cyclic and rate performance Ar-annealed were close to Air-annealed TNAs, but its specific capacity is the lowest. The specific capacity and rate performance of N 2 annealed sample were better than Ar-annealed, which attributed to the reduction of charge transfer resistance of N 2 annealed atmosphere while cyclic performance is similar to Ar-annealed TNAs [40] . So the comparative study on the electrochemical properties of TNAs annealed in different atmosphere revealed that enhancement of specific capacity might be obtained.
The effect of annealing atmosphere on the lithium storage performances of TNAs could be related with the change in the crystallite size. The size of crystallite may be varied during the annealing in different atmosphere, as a result charge transfer properties and crystal stability may be changed accordingly. Therefore, difference in crystallite size of material may cause difference in the lithium storage performances (Fig. 4) . Reddy et al. [41] grew TiO 2 brookite phase and studied the effect of crystallite size at lithium insertion. According to their study, lithium insertion decreases as the crystallite size increases and vice versa. The increase in lithium insertion in smaller crystallite size is attributed to decrease in lithium diffusion path length. The effect of annealing atmosphere on the lithium storage performances of TNAs could be related with the change in the structure. The unit cell parameters and crystallite size may be varied during the annealing in different atmosphere, as a result charge transfer properties and crystal stability may be changed accordingly. The unit cell lattice parameters were calculated by using a least-squares Bragg peak fitting method for anatase (101) Bragg reflection peak. The lattice parameters show no noticeable change along a and b directions, but obvious change along the c direction from 8.9096 Å to 9.4981 Å upon annealing in different atmosphere (Table 1) . 
Effect of Annealing Atmosphere Induced Crystallite Size Changes on the Electrochemical Properties of TiO 2 Nanotubes Arrays
48
Obviously this change in unit cell parameters alter crystallite size. Therefore, difference in crystallite size of material may cause difference in the lithium storage performances (Fig. 4) . The crystallite size estimated via Scherrer formula [42] . (2) where λ is wavelength of X-ray, β is the peak width of the diffraction peak at half maximum height and K is a constant related to crystallite shape. The crystallite size was evaluated by using the main anatase X-ray diffraction peak (101) and it was in the range of 33-27 nm. The crystallite size of Ar-annealed sample was the largest, while decreased for the samples annealed in Air, N 2 and H 2 , respectively. The smallest crystallite size was observed for the H 2 -annealed TNAs sample. Hosseinpour et al. [44, 45] studied the annealing effect in different atmosphere and depicted that as lattice parameters altered the crystallite size also follow trend which is according to our observations. The specific capacity of TNAs annealed in different atmosphere was co-related with crystallite size (Fig. 4) . The crystalite size decreased and specific capacity increased expotentially with respect to the annealing atmosphere from Ar to H 2 . The specific capacity was tuned from 165-195 mAh g -1 depending upon annealing atmosphere. The decrease in crystallite size allowed rapid lithium-ion intercalation and deintercalation due to the short distances for lithium-ion transport. The characteristic time constant for diffusion is t = L 2 /D, where L is the diffusion length and D the diffusion constant. So as the time for intercalation decreases with reduction of crystallite size which may be a reason for increasing specific capacity. Liu et al. [19] described that structure disorder TNAs have higher capacity due to the higher degree of defects that enhance intercalation of lithium ions. The TNAs annealed in different atmosphere have different crystallite size. The highest specific capacity was observed for H 2 -annealed TNAs, while it has the lowest crystallite size. On the other hand, Ar-annealed sample have highest crystallite size yet lowest specific capacity because reduction in crystallite size is minimum, so its electrochemical properties were comparable to Air-annealed nanotubes. For the Air-annealed sample, the oxygen rich environment could lower down its oxygen vacancies as a result reduction in crystallite size is also minute. The specific capacity did not change a lot in comparison to Ar-annealed sample. The doping in TNAs could be possible in N 2 -annealed sample yet there is not any phase change was observed in XRD pattern. Therefore, doping was out of question. The N 2 gas have not very strong reducing behavior so it produced lower oxygen vacancies as compared to H 2 . The lithium intercalation was less than H 2 -annealed TNAs but more than Ar-annealed due to their reducing and non-reducing nature, respectively. The nanotubes annealed in Ar (inert gas) and Air (oxygen rich) have larger crystallite sizes, while the TNAs annealed in gases having reductive nature producing small crystallite size lead high specific capacity.
The specific capacity largely depends upon two factors such as the conductivity and intercalation of lithium ions in the material. The intercalation of lithium ions is closely related to crystal defects as the crystal defects increase more and more lithium ions can intercalate, suggesting an increase in specific capacity. On the other hand, conductivity of material decreases with increase of crystal defects, as a result recombination of charges and lithium ions reduces. The reduction into recombination of lithium ions and electrons resulted into less specific capacity but higher intercalation of lithium ions plays the major role in our samples. The highest specific capacity was observed for the lowest crystallite size, indicating higher lithium intercalation is playing major role.
Conclusions
The TNAs of inner diameter of 40 to 60 nm and lateral length of 10 to 15 µm were synthesized by two-step anodic oxidation. The as-prepared TNAs were amorphous and transformed into anatase after annealing in different atmosphere. Annealing in oxygen deficient (Ar) and, oxygen rich (Air) and reducing gases (H 2 ) and (N 2 ) induced variations in the crystallite size which affect physical properties of TNAs especially electron transport and cation diffusion. Based on the results of effect of annealing on physical properties of TNAs we were able to optimize the specific capacity of lithium ion battery to 190 mAh g -1 .
